This paper presents the vibration reduction of powertrain during transient stage by using magneto rheological elastomer (MRE) based adaptive tuned vibration absorber (ATVA). Torsional vibration of power train is represented by a simplified lumped mass multi degree of freedom system to verify the ATVA effectiveness. The equation of motion of the model is developed and simulated in the MATLAB to calculate the vibration characteristics such as natural frequency, damped frequency, mode shape and damping ratio of the power train system. The expressions of the storage modulus and loss factor of the MRE are generated as a function of magnetic field which was obtained from experimental data of MRE available in the literature. The responses of the powertrain system without and with ATVA were compared to verify the effectiveness of the ATVA.
Introduction
A Powertrain is basically a system of mechanical parts that produces energy, then delivers it to the elements that transfers that energy to the surface, water or air for the motion of the vehicle. Simply put, a powertrain is made up of engine, transmission system and drive lines. For vehicles ranging from cars to trucks, out of many sources of vibration, powertrain is considered to be major source of vibration during motion of vehicles [1, 2] . Therefore, vibration reduction of the powertrain is an important field of research in engineering.
Magneto rheological elastomer (MRE) is a new generation material made of polymer matrix with micron sized ferromagnetic particles randomly dispersed in it and its properties can be changed by the application of magnetic field. Particularly, the elastic modulus of MREs is increased significantly when subjected to the application of magnetic field [3, 4, 5, 6, 7] . Due to this property, many researchers [8, 9, 10] suggested that the MRE is promising material for the development of adaptive tuned vibration absorbers.
The adaptive tuned vibration absorber (ATVA) is an improved form of vibration absorber which has very large frequency range due to the variation of its stiffness. There are few literatures available on the use of MREs for the development of ATVA for vibration control in engineering applications [11, 12, 13, 14] . MRE based ATVA has also been used for the vibration reduction of powertrain [15] .
This work is explained in four sections. A five degree of freedom torsional vibration powertrain model and its behavior is presented in the section 1. Section 2 briefly presents the MRE properties and ATVA design. Section 3 presents the area of resonance during the transient stage and application of ATVA in the powertrain for vibration reduction. Section 4 summarizes the conclusion.
Torsional vibration model of power train

Vibration characteristics of powertrain
A five degree of freedom system consists of inertia, stiffness and damping is developed to represent the torsional vibration of powertrain is shown in Fig. 1 . 
Where, θ, T, J, K and C are the matrices of the generalized coordinates, external torques, inertia, stiffness and damping of the system respectively. The vibration characteristics such as natural frequencies, damped frequencies, damping ratio and mode shapes of the powertrain model are calculated numerically by using the assumed parameters for inertia, stiffness and damping as given in Table 1 . 
Applied torque model
As proposed by Wang et al. [16] , the applied torque on the engine is a sum of constant mean and harmonic fluctuation torque. In this work, the constant mean torque is ignored and the harmonic fluctuation torque as proposed by the Brennan [17] is defined as follows. 
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Here,
e e e r r p q T T In this work, excitation frequency starts at 20 Hz and finishes at 40 Hz, corresponding to the engine speed of 1200 rpm and 2400 rpm respectively. The start time Tr1= 2 sec and finish time Tr2= 6 sec for the transient stage is assumed. Also T0= 20 N is assumed. The excitation frequency of powertrain is a function of the time and it is defined as follows as proposed by White and Pinington [18] . 1 
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The plot between excitation frequency and time for the transient stage of the powertrain is shown in Fig. 2 . From the figure, it is evident that the third and fourth natural frequency of the powertrain model is in between the excitation frequency range. Therefore, corresponding to these frequencies, resonance occurs. The vibration response of the model is shown in Fig. 3 . 
Properties of MRE and ATVA design
Magnetorheological elastomer and its viscoelastic properties
The MRE, which is considered in this work for the development of ATVA, is developed by Liao et al. [14] . The MRE materials used is comprises of 704 silicone rubber matrix, micro sized carbonyl iron particles of 7 μm average diameter and a small amount of silicone oil for bonding. The MRE was subjected to an external magnetic field of 1 Tesla followed by 24 hours curing at room temperature. The complex shear modulus of the MRE can be expressed as follows:
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In which Ga and Gb are the shear storage modulus and loss modulus and η is the loss factor, which is expressed as follows:
The experimental value of the storage modulus and loss modulus given by Liao et al. [14] at different value of magnetic field is extracted. Then the expressions for both the modulus are derived by curve fitting of these extracted values, which is given as follows: 
ATVA design
The proposed ATVA is similar to the ATVA design proposed by the Hoang et al. [15] , is shown in Fig. 4 . The internal cylinder is positioned on the rotating shaft. Fig. 4 . ATVA design, 1, 2: internal and external cylinder; 3, 4: projection in internal and external cylinders;5: magnetic circuit; 6: shaft; 7: core; 8: coil; 9: MRE [15] .
In this, MRE material is acting as flexible elastic object, kept between the internal and external cylinder. There are lugs in both cylinders, which are helping the cylinders to vibrate with each other. MRE material is subjected to external magnetic field during application by using three circuits placed around the external cylinder. The shape of the MRE is cylindrical, with the radiuses and length of ra, rb and W respectively. The stiffness k* of the MRE as proposed by Garcia et al. [19] can be defined as follows:
The ATVA is modelled as SDOF with inertia ja, stiffness coefficient ka and damping coefficient ca, which are expressed as follows: ATVA frequencies can be calculated as follows:
Application of ATVA in the powertrain
The calculated frequencies of the ATVA are varied approximately from 16 Hz to 50 Hz and cover the full excitation frequency band . As already discussed, in this model resonance occurring at two different times, therefore one ATVA is attached to the gearbox and another is attached to the differential. After adding ATVAs to the powertrain model, it became seven degrees of freedom system as shown in Fig. 5 . The equation of motion is same as Eq. (1) with the different forms of matrix. 
ATVA vibration characteristics
Area of resonance
In this work, the natural frequency of the powertrain model is tuned and as proposed by Wachel and Szensai [20] , it can be expressed as follows:
The area enclosed by the upper and lower value of the frequency calculated by the Eq. (12) is known as 'resonance area' which is shown in Fig. 6 . For resonant frequencies, the resonance start and finish times are 2.17 sec to 3.1 sec and 4.33 sec to 5.74 sec respectively, calculated by using Eq. (3). 
ATVA characteristics
To deal with the resonances, the damped frequency of the ATVA is calculated by adding 15% in the maximum limit of excitation frequency and by deducting 15% from the minimum limit of excitation frequency as proposed by Wachel and Szensai [20] , is shown in Fig. 7 . From the damped frequency, the stiffness and damping coefficient of ATVA is calculated as a variation of magnetic field which is shown in Fig. 8 . The matrix K and C are reformed after adding above stiffness and damping coefficient of ATVAs. Fig. 8 . ATVA stiffness and damping coefficients.
Results
After adding ATVAs, the natural frequencies (dotted lines) of the powertrain model are calculated numerically in MATLAB and shown in Fig. 9 . The vibration response of the powertrain model after adding ATVAs also calculated numerically by using ode45 function of MATLAB and shown in Fig. 10 . It can be observed from Fig. 9 , that the natural frequencies of the powertrain model after adding ATVAs are shifted away from the not only at the resonance area but also before and after transient stage. Also from the Fig. 10 , it can be observed that there is no resonance phenomenon during the transient stage and vibration of system reduced considerably. The reduction in magnitude of the maximum amplitude of relative vibration between the clutch and the engine and gearbox and clutch is approximately 69% and 62.25% respectively.
Conclusion
The powertrain torsional vibration is represented by the five DOF model. ATVA model is proposed for powertrain vibration reduction during transient stage by using MRE material. The ATVA frequencies cover the whole excitation frequency range, which makes it suitable for this application. By considering the damped frequency, the ATVA stiffness and damping coefficient are calculated as a function of the magnetic field density. The equation of motions of the powertrain before and after adding ATVA were derived to find out the vibration characteristics and response of the system. By using ATVAs, considerable reduction in the vibration was obtained. Hence, the ATVA based on MRE has potential for vibration control of powertrain.
